Climate change is a major factor driving shifts in the distribution of invasive pests. The oriental fruit fly, Bactrocera dorsalis, native to mainland Asia, has spread throughout Southeast Asia and sub-Saharan Africa. Recently, the species has extended its Asian range northward into regions previously thought unsuitable which presents a major new risk to temperate zone agriculture and has invaded Italy. Thus, it is necessary to study how climate change may impact on the global distribution of B. dorsalis. MaxEnt models were used to map suitable habitat for this species under current and future climate conditions averaged from four global climate models under two representative emission pathways in 2050 and 2070. The results highlighted that a total of 30.84% of the world's land mass is currently climatically suitable including parts of the western coast and southeast of the USA, most of Latin America, parts of Mediterranean coastal European regions, northern and coastal Australia, and the north island of New Zealand. Under future climate conditions, the risk area of B. dorsalis in the northern hemisphere was projected to expand northward, while in the southern hemisphere, it would be southward, especially by 2070 under RCP85 with very high greenhouse gas emissions. Future management of this pest should consider the impacts of the global climate change on its potential geographical distribution.
Introduction
biological invasions by altering the likelihood of introduction, probability of establishment, geographical range size, environmental impacts, economic costs, and/or ease of management (Hulme 2017) . Agricultural insect pests are a tremendous burden because of the high losses they can inflict on crops. Many studies investigating the impact of climate change on pest distributions show an expansion to higher latitudes of the geographical range of pests (Chen et al. 2017; Hughes 2000; Wang et al. 2017) .
Bactrocera dorsalis (Hendel) (Diptera: Tephritidae), the oriental fruit fly, is a notorious global important invasive pest attacking more than 250 vegetables and fruits (Clarke et al. 2005) . Bactrocera dorsalis synonyms have also included B. invadens Drew Tsuruta & White, B. papaya Drew & Hancock, and B. philippinensis Drew & Hancock (FAO 2014; Schutze et al. 2015) . Bactrocera dorsalis is endemic to the Indo-Asian region, it was first recorded in Taiwan (1912) and Hainan (1934) in China (Wang 1996) , and it recently has invaded into Central China where it was previously considered climatically unsuitable to the fly due to overwintering cold stress (Han et al. 2011; Stephens et al. 2007 ). This invasion began in the early 2000s and northward expansion continues (Wang et al. 2009; Yuan et al. 2008) . Outside Asia, it was first reported in Hawaii (1945) and there have been numerous detections in California in the USA (Papadopoulos et al. 2013) , it is established in several South Pacific countries (Vargas et al. 2015) , and it has invaded and been eradicated twice in Australia (Cantrell et al. 2002) . In 2003, B. dorsalis first arrived Africa in Kenya; within 15 years, this fly has spread across all of the sub-Saharan Africa expect for small parts of South Africa (Manrakhan et al. 2015 ) and costs about $2 billion USD to the export markets in Africa (Ekesi et al. 2016) . Recently this species was found in Italy (Nugnes et al. 2018) and is under eradication (2018).
The potential geographical distribution of this pest has been confounded by its confused taxonomic history as B. dorsalis using CLIMEX (Stephens et al. 2007 ), B. invadens using MaxEnt and GARP (De Meyer et al. 2010) or four species separately using ENFA (Hill and Terblanche 2014) . De Villiers et al. (2016) built a new CLIMEX model with year-round abundance data with a special focus on Africa under "four in one" scenario, where synonymized species B. invadens, B. papaya, and B. philippinensis have been reclassified as B. dorsalis. However, the global risk map they created did not include those central provinces (Jiangsu, Anhui, and Hubei etc.) where the species is already established (Qin et al. 2018) .
In this study, we used the maximum entropy (MaxEnt) modeling to assess the current habitat suitability of B. dorsalis under "four in one" scenario with presence-only data and the projected future effects from climate change on the species' distribution at a global scale to provide the basis for future preparedness.
Materials and methods

Occurrence data
Global B. dorsalis occurrence data was initially extracted from the CABI Crop Protection Compendium (CABI CPC, https://www.cabi.org/cpc), the Global Biodiversity Information Facility (GBIF, https://www.gbif.org/), and was combined with the collection data provided in Qin et al. (2018) . Detection and eradication data were not included; the distribution record could be seen in Zeng et al. (2019) . To minimize sampling bias, data were assigned to 9 km × 9 km climate data grids. Seven hundred fifty-seven GBIF + CABI + collection records for B. dorsalis were finally selected for the modeling (Fig. 1) . The conversion and editing of the data were conducted in ArcGIS 10.2 (ESRI Inc., Redlands, CA, USA). URL http://www.esri. com/sofware/arcgis/arcgis-for-desktop.
Climate data
Climate data were downloaded from the WorldClim website (http://worldclim.org/) (Hijmans et al. 2005) . Current climate conditions were average monthly climate data for minimum, mean, and maximum temperature and precipitation for 1950-2000 (Hijmans et al. 2005) . Future climate conditions were downscaled global climate model (GCM) data from CMIP5 (IPPC Fifth Assessment) (IPCC 2014) . Four GCMs including HadGEM2-ES (HE), IPSL-CM5A-LR (IP), MIROC-ESM-CHEM (MI), and NorESM1-M (NO) estimated for 2050 (average for 2041-2060) and 2070 (average for 2061-2080) were selected to offer a wide range of temperature and rainfall changes. These models were selected to give a wide range of rainfall and temperature changes, rather than to represent the likelihood of future climate change (Warszawski et al. 2014 ). The models were each run under two representative concentration pathways (RCPs) which are two greenhouse gas concentration estimates, a stringent mitigation scenario RCP26 and a scenario with very high greenhouse gas emissions RCP85 (IPCC 2014) .
Nineteen bioclimatic variables were obtained at a spatial resolution at 5 arc-min (9 km at the equator). Because some of these variables are highly correlated, principal component analysis (PCA) and correlation analysis were carried out in IBM SPSS Statistics version 22 (https://www.ibm.com/support/docview.wss?uid=swg21646821) to select a set of uncorrelated variables with Pearson correlation coefficients having absolute values < 0.8 that are useful and eco-physiologically relevant for modeling.
MaxEnt modeling
The potential geographical distribution of B. dorsalis under current and projected to different future climate scenarios was conducted in MaxEnt (v3.3.3k, http://biodiversityinformatics. amnh.org/open_source/maxent/) with presence-only data (Phillips et al. 2006) . MaxEnt is Fig. 1 Global distribution data from collection efforts (Qin et al. 2018 ) (green points), CABI (pink points), and GBIF (blue points) used to build and evaluate the MaxEnt models of B. dorsalis widely used to assess habitat suitability for species under current and future climate scenarios Merow et al. 2013; Sultana et al. 2017; Wang et al. 2017; Wei et al. 2018) . Moreover, some studies found that this software performed well regardless of the number or geographical extent of species records, compared with the performance of Mahalanobis Typicalities, random forests methods, and other methods (Bosso et al. 2016; Hernandez et al. 2006; Elith et al. 2011) . In this study, models were calibrated using 25% random test percentage, 5000 maximum iterations, 10 percentile training presence threshold rule, 15 replicates under subsample run type and default features followed Young et al. (2011) and Wang et al. (2017) . Habitat suitability was depicted at four levels: negligible risk, low risk, medium risk, and high risk according to the MaxEnt plots. Results were converted into raster files and risk areas were calculated for each continent including Asia, Africa, North America (Canada and USA), Latin America, Europe, and Oceania in ArcGIS 10.2. Jackknife testing was used to measure variable importance, and receiver operating characteristic (ROC) curves averaged over the replicated runs were drawn to evaluate the model performance by the area under ROC curve (AUC) values. AUC ranges between 0 and 1, models with AUC value of 0.5 represents a model with discrimination ability no better than random, while a model with AUC value higher than 0.75 represents a fair ability to discriminate (Swets 1988; Pearce and Ferrier 2000) .
Results
Bioclimatic variables selection
Principal component analysis and correlation analysis of 19 bioclimatic variables were conducted for variable selection. The first five principal components explained 92.072% of the total variance. The first and second components mainly attributed to temperature (bio 1, bio3, bio3, bio5, bio6, bio7, bio8, bio10, bio11), the third and fourth attributed to precipitation (bio13, bio14, bio16, bio17), and the fifth to mean diurnal range which is bio2; finally, six uncorrelated bioclimatic variables were selected from IBM SPSS Statistics for the analysis of B. dorsalis (Table 1) .
Potential geographical distribution under current climate conditions
The current distribution map shown in Fig. 2 is based on the distribution databases and collection efforts, and climate suitability is shown as different colors on the map. We categorized habitat suitability according to the MaxEnt plots of this species (Fig. S1 ) into four levels: negligible risk (0.00-0.08), low risk (0.08-0.23), medium risk (0.23-0.46), and high risk (0.46-1.00). The prediction from MaxEnt under current climate conditions indicated that B. dorsalis could potentially establish throughout much of the tropics and subtropics. Parts of the western coast and southeast of the USA, most of Latin America, parts of the Mediterranean coastal regions of Europe, northern and coastal Australia, and the north island of New Zealand were also suitable for the species (Fig. 2) . The extent of the land area that is climatically suitable for B. dorsalis under current and future climate conditions was quantified for each continent (Table 2) . A total of 30.84% of the world's land mass (excluding Antarctica), or 13,271.98 × 10 4 km 2 , is currently climatically suitable. The results of the analysis indicated that, expressed as a percentage of total land area, more than 70% of Latin America, and greater than 20% of Asia, Africa, and Oceania, was projected to be currently climatically suitable. Whereas the potential suitable areas in North America (only including Canada and USA) and Europe were lower (2.62% and 6.93%, respectively) ( Table 2 ).
Climate change impact on the potential geographical distribution
Four distribution maps of suitable habitat for B. dorsalis under a range of possible future climate scenarios for 2050 and 2070 are summarized in Fig. 3 which showed mean predicted results of all four global climate models under RCP26 and RCP85, the lowest and highest of Fig. S2 ). It showed a northward trend in Asia, Northern Africa, North America, and Europe and a southward trend in South America, Southern Africa, Australia, and New Zealand (Fig. 3d) . The total suitable land mass was increased by 363.63 × 10 4 km 2 , or 2.74% in 2050 (RCP26) and 749.4 × 10 4 km 2 , or 5.65% in 2070 (RCP85) ( Table 2) . By 2070 (RCP85), the risk area in Africa will greatly increase by 230.94 × 10 4 km 2 , or 7.65% and Europe by 103.58 × 10 4 km 2 , 12% of land area (Table 2 , Fig. S2 ).
Model performance and variables contributions
The averaged AUC value over 15 replicates was 0.906 indicating the MaxEnt models accurately discriminated between the suitable and unsuitable areas for B. dorsalis (Fig. S3) . The jackknife test indicated that the environmental variable with the highest gain when used in isolation was bio 16 (Precipitation of Wettest Quarter) which also decreased the gain the most when it is omitted (Fig. S4) . Therefore, bio16 appears to have the most useful information by itself and the most information that is not present in the other variables. 
Discussion
The predictive models constructed with MaxEnt closely matched the current distribution of B. dorsalis. Compared with the current present regions, Latin America where the species is not known to be present showed the biggest percentage (73.33%) of climatically suitable land area to be at risk (Table 2) . Washington, Oregon, California, and Florida in North America were predicted to be at risk (Fig. 2) . Within China, the ongoing northward spread of this species began in the early 2000s and northward expansion continues (Yuan et al. 2008; Wang et al. Fig. 3 (continued) 2009). Critically, B. dorsalis is now moving into central areas of China which are climatically similar to temperate regions in Europe and North America, which were previously thought climatically unsuitable to the fly due to overwintering cold stress (Han et al. 2011; Stephens et al. 2007 ); a similar phenomenon was also found for Bactrocera tryoni (Dominiak and Mapson 2017) . Our model showed that the risk area of northern boundary in China has reached Shananxi, Henan, and Shandong Provinces under current climate conditions (Fig. 2) . Compared with the recent CLIMEX model built for B. dorsalis under the new taxonomy background (De Villiers et al. 2016) , both models generated similar geographical extents of suitable habitat while our MaxEnt model showed a more northern extent of the US, European, Chinese, Korean, and Japanese distributions. CLIMEX showed suitability expansion on the African continent and in Australia under irrigation scenarios (De Villiers et al. 2016 ). MaxEnt and CLIMEX offer two different approaches to modeling the potential geographical distribution of the species. MaxEnt is a correlative model and generates predictions based on statistical relationships between occurrence patterns and environmental data (Sultana et al. 2017) . In contrast, CLIMEX is a semi-mechanistic model that can be calibrated by setting parameter values that describe the species' response to climate based on physiological and distribution data (Kriticos et al. 2015) . Most of the studies found the models generating similar results; the different results may be due to the different spatial resolutions and variables. It would be worthwhile to undertake a thorough projection comparisons derived from both approaches (Sultana et al. 2017) .
This study predicted the climate change impact on the global distribution of B. dorsalis. Our models indicated that under future climate conditions, suitable areas for B. dorsalis in the northern hemisphere were projected to expand northward, while suitable areas in the southern hemisphere were projected to be southward (Fig. 3) . Both suitable areas and habitat suitability were projected to be increased especially in 2070 under RCP85 when almost 20% of Europe becomes climatically suitable for this species. A 151.66 × 10 4 km 2 or 7.73% increase in the area of North America is expected to be climatically suitable under RCP85 scenario in 2070 (Table 2 , Fig. 3d ). In China, the risk area has reached to Beijing, Hebei, and Liaoning Provinces in 2070 under RCP85 scenario (Fig. 3d) . Although the risk area will increase as climate changes, it was observed that under RCP85 (very high greenhouse gas emissions), the risk area will increase from 2050 to 2070. While under RCP26 which is representative of a scenario that aims to keep global warming below 2°C above pre-industrial temperatures (IPCC 2014), the risk area was similar in 2070 compared with 2050.
In addition to climatic variables, factors limiting potential geographic pest distributions can include host availability, species competition, natural enemies, soil type, geographical features, natural and geographical barriers, and human activities such as irrigation and greenhouses (Fu et al. 2014) . Spatial bias in occurrence records caused by different sample collection efforts across the world was difficult to calibrate and should be taken into consideration when using all of the models' results (Barry and Elith 2006) . The AUC value, as the measure of model performance test, indicated the predictive power of our models. However, one should notice that the AUC in MaxEnt can be overestimated since it does not present the "true" AUC, as the background data may not be an accurate reflection of true absences (Yackulic et al. 2013) .
Our global study to predict future areas climatically suitable for B. dorsalis can inform quarantine policy of this important agricultural invasive pest. The current movement of this species into Central China must also pose a concern for other temperate regions of the world, especially in Europe where it is currently under eradication in Italy (2018) and North America where it was predicted to have suitable areas for this species.
